Relationship between seed dormancy and persistence of seeds of annual ruderal species in the soil seedbank by Fu, Xianhui
  
 
 
 
 
 
 
 
 
 
© 2013 by Xianhui Fu. All rights reserved.
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
RELATIONSHIP BETWEEN SEED DORMANCY AND PERSISTENCE OF 
SEEDS OF ANNUAL RUDERAL SPECIES IN THE SOIL SEEDBANK 
 
 
 
 
 
BY 
 
XIANHUI FU 
 
 
 
 
 
 
 
 
 
DISSERTATION 
 
Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Natural Resources and Environmental Sciences  
in the Graduate College of the 
University of Illinois at Urbana-Champaign, 2013 
 
 
 
 
 
 
Urbana, Illinois 
 
 
               Doctoral Committee: 
                       
                            
                           Associate Professor Adam S. Davis 
                           Professor Jeffrey D. Brawn 
                           Associate Professor Angela D. Kent 
                           Associate Professor James Dalling 
  
 
ii 
ABSTRACT 
 
Knowledge related to seed persistence in soil is critical for weed control 
decisions in the integrated weed management systems. Many annual weed species 
have dormant soil seed banks (SSBs), and this may be an important mechanism for 
seed persistence in these species. Although the relationship between seed dormancy 
and persistence in soil has received previous attention, it has not been well 
characterized. In order to quantify the relationship between seed persistence and 
dormancy, a five-year seedbank dynamics field study was conducted in Savoy, IL, 
involving twelve ruderal weed species: Abutilon theophrasti, Alliaria petiolata, 
Amata tuberculatus, Ambrosia trifida, Chenopodium album, Ipomoea hederacea, 
Kochia scoparia, Panicum miliaceae, Polygonum pensylvanicum, Setaria faberi, 
Setaria lutescens, and Thlaspi arvense. Seed half-lives (t0.5) in the SSB ranged from 
0.25 to 2.22 years for the study species. Seed dormancy showed a positive linear 
relationship to t0.5 (slope = 0.050, p < 0.001, R
2
 = 0.92), while the variance of seed 
dormancy followed a negative nonlinear relationship with t0.5. No relationship 
between environmental conditions during the course of seed burial and seed 
dormancy across study years was detected. These results indicate a strong relationship 
between the dormancy and persistence of seeds of ruderal weed species in the soil 
seedbank. Moreover, they suggest that dormancy release for these species was at least 
partially controlled by intrinsic seed characteristics. Findings of this study will 
facilitate the determination of seed persistence and management of the SSB in 
integrated weed management. 
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CHAPTER 1: INTRODUCTION 
 
LITERATURE REVIEW 
 
1.1 SOIL SEEDBANKS (SSBs) 
As an important demographic stage, seeds play a critical role in the life cycle of 
plants. Naturally buried seed reserves, soil seedbanks (SSBs), are comprised of viable 
seeds that can geminate or have potential to germinate in the future (Harper 1977, 
Radosevich et al. 1997, Csontos 2007). SSBs play important roles in plant population 
establishment, survival, recruitment, and regeneration (Dalling et al. 1998a, Dalling et al. 
1998b, Cao et al. 2000, Nathan and Muller-Landau 2000, Leck and Schutz 2005, Tang et 
al. 2006, Li et al. 2010). Maintenance of SSBs can reduce the risk of mortality derived 
from unfavorable environmental conditions at germination seasons over time and space. 
Due to the potential for building up a diverse species composition over time, SSBs are 
considered an important resource for ecological restoration of degraded habitats, such as 
abandoned slash-and-burn lands (Cao et al. 2000, Fu 2002, Tang et al. 2006), mining 
sites (Baig 1992, Grant et al. 1996, Carrick and Kruger 2007), and agricultural lands 
(Bakker et al. 1996, Bakker and Berendse 1999, Garcia-Orth and Martinez-Ramos 2008, 
Wade et al. 2008). However, SSBs are also the greatest source of weed infestation in 
arable fields (Cavers and Benoit 1989, Cavers et al. 1992) and are potential sources of 
invasive species (Cook et al. 1996, An et al. 2007, Kinter et al. 2007). SSBs are 
considered critical components of ecological based weed management strategies and 
invasive species management. A comprehensive understanding of the characteristics, 
dynamics, and mechanisms of seedbank persistence and depletion is therefore critical for 
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plant species management in both natural and agricultural ecosystems and restoration 
ecology. 
 
1.1.1 CHARACTERISTICS OF NATURAL SOIL SEEDBANKS (SSBs) 
Species composition, seed population density, and seed persistence are important 
characteristics of a natural soil seedbank. Typically, SSB studies have focused on 
estimating seedbank density and composition, the two most important characteristics to 
describe a soil seedbank. Seedbank population densities range from hundreds to more 
than 150,000 seeds m
-2
 of annual weed species in arable land (Forcella et al. 1992, 
Radosevich et al. 1997). In contrast, seed population densities in natural forest 
communities are reported to be lower; for example, in Asian-Oceanic sites seed 
population densities ranged from 60 to 5,415 seeds m
-2 
(Liew 1973, Cao et al. 2000, Tang 
et al. 2006), and seed population densities in European temperate forest ranged from 85 
seeds m
-2
 (deciduous forest) to 46,224 seeds m
-2 
(succession on heath land in Scotland, 
UK) (Donelan and Thompson 1980, Hester et al. 1991, Bossuyt and Hermy 2001). The 
seed population density in a fragmented secondary forest in South West China was 
estimated at 72,571 seeds m
-2
, and was comprised of nearly 50% weed species (Cao et al. 
2000). 
The key procedures for the estimation of SSB population density are separating 
seeds from soil and determining the viability of the recovered seeds. Greater efforts have 
been put into developing methods for studying SSB density since Darwin first estimated 
the number of seeds using samples collected from the bottom of a lake by seedling 
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emergence (Darwin 1859, Fenner 1991). Generally, the methods can be categorized into 
two groups: seedling emergence and physical separation of seed from soil. 
The method of seedling emergence involves the spreading of a soil sample in a 
greenhouse space as a shallow layer for a period of time to make sure as many as possible 
viable seeds emerge from soil. Seedling emergence is the most commonly used method 
(Roberts 1981) that simultaneously provide information of the count of seed and viability. 
It can also be easily conducted in most circumstances. However, it usually underestimates 
seed density because of following reasons: 
First, the method of seedling emergence usually counts emerging seedlings, but 
some seeds experience fatal germination, and die before they emerge from the soil. 
Second, the environmental conditions as set cannot meet the requirements for all species 
in the SSB, resulting in seeds of some species not being able to emerge during the time 
span of the emergence experiment (Roberts 1981, Gross 1990). Third, there are many 
seeds in the SSB that remain dormant or do not germinate during the course the 
experiment. Finally, it requires considerable space for the large number of samples and 
for some research may need longer time (Brown 1992, Bernhardt et al. 2008). 
The method of physical separation of seed from soil includes hand-sorting (Price 
et al. 2010), sieving (wet or dry) (Leon 1980, Cardina and Sparrow 1996), flotation with 
different salt solutions (Malone 1967, Brown 1992, Buhler and Maxwell 1993, Tsuyuzaki 
and Kanda 1996, Tsuyuzaki and Goto 2001), or elutriation (Gross and Renner 1989, 
Gross 1990, Wiles et al. 1996). 
Among the physical separation approaches, hand-sorting is useful to protect the 
integrity of seed. If hand-sorting is performed carefully, specimens can be subjected to 
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minimal disturbance, which is critical for doing some downstream research such as 
research on the microbial communities associated with seed. Hand-sorting is appropriate 
for seed of certain size, but is more challenging for smaller seeds that are found in soil 
seedbanks. Sieving, floatation, and elutriation may dramatically reduce the labor 
requirement for separating seed from soil. There are two types of sieving: dry and wet. 
Air-dried soil samples are often used for dry sieving, whereas wet sieving uses water to 
wash seed out from soil. Floatation with different salt solutions can effectively separate 
seed from soil. However, some salt solutions may influence the viability of seeds and are 
only good for certain species. It is also not good for organic soil samples. Elutriation, 
actually an advanced format of wet sieving using an automatic soil washing device, is 
useful for dealing with a large amount of soil samples in a short time period that is 
required to avoid the inherit issues of spatial heterogeneity of SSB research. However, it 
is also problematic for differentiating species with small seeds. 
When using the method of the physical separation of seed from soil, a viability 
test is needed because through the method of physical separation both viable and non-
viable seeds are extracted. In addition to the two commonly-used viability test methods, 
tetrazolium test (TZ test) and seedling emergence, the imbibed crush test is an easy and 
time saving approach for determining seed viability which can be an potential alternative 
of TZ test in large scale studies of SSBs (Borza et al. 2007). Physical separation, 
combined with a suitable approach for viability testing, may provide more accurate 
information of the seedbank density. None of the methods is perfect. Combination of 
multiple methods is suggested according to the objectives of a project. 
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Seed persistence, the capability for seed of a species to remain viable and non-
geminated in soil for a period of time via various mechanisms (Thompson 2000, Walck et 
al. 2005), is an important characteristic of SSB of different species. Seed persistence is 
usually used as a standard to classify soil seedbanks (Thompson and Grime 1979, Grime 
1981, Villiers et al. 2002, Csontos and Tamas 2003, Walck et al. 2005). Thompson and 
Grime (1979) established a functional seedbank classification system in which four 
categories of seedbanks were identified: transient seedbanks (type I and type II) where 
seeds last less than one year and persistent seedbanks (type III and type IV), where seeds 
last longer than one year. Modification of this SSB classification system was made by 
combining the characteristics of seed germination, dormancy, light requirement for 
germination, and seed longevity, thus divided type I seedbank into four subcategories, 
and type III into another two subcategories (Grime 1981). Later on, a five-year-threshold 
was applied to separate short-term persistent and long-term persistence seedbank that 
declares if a SSB can persist in soil over five years, then the SSB is long-term persistent, 
otherwise it is short-term persistence (Bakker et al. 1991, Thompson 1993, Bakker et al. 
1996, Thompson et al. 1997, Walck et al. 2005). 
Seedbank longevity of a species is difficult to determine under natural 
circumstances. To collect seed longevity data, few long-term seed burial studies have 
been conducted since the first soil seed reservoir that was reported in 1859 by Darwin 
(Darwin 1859, Darlington 1922). A long-term seed viability experiment initiated by Dr. 
William James Beal indicated that the seed longevity of Verbascum blattaria, Verbascum 
sp. and Malva rotundifolia could last up to 120 years (Telewski and Zeevaart 2002). 
Research on seeds recovered from a historical site reported that seeds of Medicago 
6 
polymorpha, Malva parviflora, and Hordeum leporinum could persist as viable seed up to 
two hundred years (Spira and Wagner 1983). Longevity of seed of Chenopodium album 
could last even longer than 1,500 years according to archaeological date (Odum 1965). 
Long-term seed burial studies are often time-consuming, expensive, and difficult to 
maintain. 
Accelerator mass spectrometry (AMS) technology was used to carbon-date 
naturally dispersed seeds of three tree species persistent in the top soil layer in 
Neotropical forest (Dalling and Brown 2009). The study found that tree species 
Zanthoxylum, Tremam, and Croton could remain viable in the surface layer of SSBs in 
Neotropical forest after 18, 31, and 38 years burial (Dalling and Brown 2009). AMS 
technology is a quick method for seedbank persistence determination. However, the high 
cost of AMS limits the number of repeated measurement in a research and thus, the 
application of this technology in the SSB studies (Dalling and Brown 2009). 
Seed persistence is a species-specific characteristic that is closely related to seed 
size (Bekker et al. 1998, Thompson et al. 1998, Moles et al. 2000, Peco et al. 2003, 
Harrison et al. 2007, Pringle et al. 2007, Schutte et al. 2008b), seed shape (Bekker et al. 
1998, Thompson et al. 1998, Moles et al. 2000, Peco et al. 2003), seed coat hardness 
(Pringle et al. 2007) and thickness (Gardarin et al. 2010), seed germination physiology 
(Grime 1981, Thompson et al. 1998, Moravcova et al. 2006), seed dormancy 
characteristics (Thompson and Grime 1979, Grime 1981, Leck and Schutz 2005, Van 
Klinken et al. 2008), and mechanisms of defense of a seed against predators or pathogens 
(Thompson et al. 1998, Davis et al. 2008, Dalling et al. 2011). Moreover, maternal 
environment during seed maturation (Fenner 1991, Schutte et al. 2008a), burial depth 
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(Conn et al. 2006, Davis and Renner 2007, Harrison et al. 2007), and environmental 
conditions of burial site, e.g., soil temperature (Lonsdale 1993, Benech-Arnold et al. 2000, 
Leishman et al. 2000, Ooi 2012), moisture (Schafer and Chilcote 1970, Schafer and 
Kotanen 2003, Mollard and Insausti 2009, Pakeman et al. 2012), light (Pons 2000, 
Goggin and Steadman 2012), agricultural practices (Froud-Williams et al. 1983, 
Sternberg et al. 2003, Gallandt et al. 2004), land use history (Bossuyt and Hermy 2001), 
and other biological factors like dispersal (Bakker et al. 1996, Dalling et al. 1998a, 
Harrison and Regnier 2003, Davis and Raghu 2010, Dalling et al. 2011), predation 
(Harrison and Regnier 2003, Davis and Raghu 2010, Dalling et al. 2011), and pathogens 
(Pitty et al. 1987, Chee-Sanford et al. 2006, Davis and Renner 2007, Wagner and 
Mitschunas 2008) also influence seed persistence in soil. 
 
1.1.2 SOIL SEEDBANK DYNAMICS AS A COMPONENT OF INTEGRATED 
WEED MANAGEMENT 
Because of their economic importance, SSBs in arable lands have received much 
attention and have been extensively studied (Cavers and Benoit 1989). Weed species are 
usually characterized by high fecundity, producing a large number of seeds in various 
environments (Cavers and Benoit 1989, Booth et al. 2003). Seeds of annual weed species 
account for the majority of seedbank inputs in various arable habitats (Cavers and Benoit 
1989, Cao et al. 2000, Tang et al. 2006). Maximum seed population density in arable land 
as high as 930,910 seeds m-2 has been reported in Malaysia (Sahid 1995, Baskin and 
Baskin 2006). The large amount of weed seeds stored in SSBs accounts for the future 
infestation of weed in crop lands and other habitats. Dormant seeds in soil may extend the 
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duration of seed germination and seedling emergence, leading to temporal escape from 
weed control measures, thus increasing the challenge of weed management. 
Interest in weed control strategies involving weed SSB management has received 
increasing attention over the past 20 years. SSBs are considered an important component 
for long-term decision-making because weed seedbank populations in the soil may lead 
to crop-yield reductions in future seasons (Sahid 1995, Hughes and Andujar 1997). The 
reduction of seed persistence of problematic weed species has remained a critical goal for 
long-term crop management in agriculture (Davis 2006). Germination, seed aging, seed 
predation (Fenner and Thompson 2005, Menalled et al. 2006, Davis and Raghu 2010), 
and biologically-mediated seed decay are frequently regarded as major causes of 
seedbank loss. Even though soil amendment with organic residues (Gallandt et al. 1999, 
De Cauwer et al. 2010), application of nitrogen fertilizer (Davis 2007), soil tillage 
(Cardina et al. 1991, Mulugeta and Stoltenberg 1997, Ghersa and Martinez-Ghersa 2000, 
Gallandt et al. 2004, Davis et al. 2005b), cover cropping (Davis 2008, Mirsky et al. 
2010), and crop rotation (Mulugeta and Stoltenberg 1997, Cardina et al. 2002, Davis et 
al. 2006) are practices that affect SSBs, the mechanistic details associated most 
particularly with seed decay processes have not been well elucidated (Chee-Sanford et al. 
2006). 
Manipulation of SSBs in soil has been suggested as a central aim of successful 
weed management in agro-ecosystems (Kremer 1993). Knowledge of mechanisms 
regulating the fate of weed seeds in soil is critical for the development of long-term and 
sustainable weed management strategies. Understanding the dynamic processes that drive 
the fates of seeds in SSBs is one of the greatest challenges of SSB management (Forcella 
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et al. 1996, Buhler et al. 1997, Dekker 1997). Despite the potential for large benefits to 
weed management gains through improved SSB management, information about 
ecological drivers of seed fates, especially patterns of seed loss and the variability of loss 
under different environmental and agricultural conditions in SSBs is mostly lacking. 
 
1.2 SEED DORMANCY  
Seed dormancy is an internal condition of the seed that prevents germination of 
viable seeds under environmental conditions proper for seed germination (Benech-Arnold 
et al. 2000, Allen et al. 2007). This process helps to prevent local extinction of a plant 
species due to seed germination before their dispersal from their parent plants or under 
environmental conditions unfavorable for seed germination or seedling establishment. It 
has been regarded as a “bet-hedging” strategy for plant species, especially annual species 
that have a dormant SSB (Rees 1997, Fenner and Thompson 2005): by spreading the 
germination of a given cohort of seeds over a number of years, plants may increase their 
fitness by buffering their offspring against temporal fluctuations in conditions suitable for 
establishment and reproduction. This is especially important to weeds of arable systems, 
in which human-mediated disturbances fluctuate somewhat independently of 
environmental variation, driven primarily by farmer choices about crop sequence and 
management tactics linked to markets and personal preferences. Seeds with different 
types of dormancy may undertake various defense mechanisms to protect them from 
natural enemies such as pathogens or herbivores they may encounter in the natural 
habitats and thus, influence the dynamics and distribution of plant species across 
ecosystems (Dalling et al. 2011). Understanding of seed dormancy classification systems 
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may be helpful for determining how seeds defend themselves and developing effective 
weed management strategies. 
 
1.2.1 CLASSIFICATION OF SEED DORMANCY 
There are multiple seed dormancy classification systems available. At the most 
basic level, seed dormancy is categorized as either primary or secondary dormancy 
according to the time seed dormancy develops in relation to the time of seed dispersal 
from the mother plant (Karssen 1982). Primary dormancy refers to the innate dormancy 
possessed by seeds at the time they are dispersed from the mother plant. Secondary 
dormancy refers to seed dormancy induced after seed dispersal, brought on by 
environmental conditions unfavorable for germination (Foley 2001, Allen et al. 2007). 
The first comprehensive dormancy classification system was developed by a Russian 
seed physiologist Marianna G. Nikolaeva (Baskin and Baskin 1998, Baskin and Baskin 
2004). A modified version of Nikolaeva’s seed dormancy classification scheme was 
suggested by Baskin and Baskin (2004). The modified seed dormancy classification 
system includes five classes of dormancy: physiological dormancy (PD), morphological 
dormancy (MD), morphophysiological dormancy (MPD), physical dormancy (PY), and 
combination dormancy (PY + PD) (Baskin and Baskin 2004). Among the five classes of 
dormancy, PD, MD, and PY are three fundamental dormancy types (Baskin and Baskin 
1998, Fenner and Thompson 2005). Seeds with PD are dormant due to physiological 
inhibiting mechanisms of seed germination in the embryo. For example, presenting of 
plant growth regulator abscisic acid (ABA) would result in PD (Baskin and Baskin 2004). 
Embryos of seeds with PD are usually full developed and dormant (Baskin and Baskin 
1998, Baskin and Baskin 2004). Seeds with MD are usually immature at the time when 
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they are shed and after-ripening is required for germination to occur. Seed embryos with 
MD are underdeveloped but non-dormant, becoming germinable once they have reached 
maturity (Baskin and Baskin 1998, Baskin and Baskin 2004). Seed coats (or pericarps) 
impermeable to water form the basis for physical dormancy. Embryos of seeds with PY 
are fully developed and can germinate once protecting integuments become permeable to 
water (Baskin and Baskin 1998, Baskin and Baskin 2004). In quiescence state [enforced 
dormancy according to Harper (1977)], a seed cannot germinate because of the absence 
of one or more of required environmental factors but it can germinate when 
environmental conditions are within its range of requirements for radicle emergence. 
Therefore quiescence is distinct from dormancy as a mechanism for preventing the 
germination of viable seeds (Baskin and Baskin 2004). Differentiation quiescent seed 
from dormant seeds is particularly important for research to quantify the relationship 
between seed dormancy and other seed features. 
 
1.2.2 SEED DORMANCY AND SEED PERSISTENCE IN SOIL 
The relationship between seed dormancy and seed persistence has is the subject of 
an ongoing debate in the scientific literature. One side of the argument assumes that seed 
dormancy is a critical mechanism for persistence in SSBs, a view taken particularly by 
those focusing on seedbank dynamics of weeds in arable systems (Booth et al. 2003). The 
definitions of SSB provide evidence for this argument (Harper 1977, Roberts 1981, 
Csontos 2007). For example, SSBs refer to all viable seeds (dormant with potential to 
germinate) on the soil surface or in soil (Roberts 1981, Simpson et al. 1989). Others have 
made strong claims seed dormancy and persistence are not necessarily associated with 
(Thompson et al. 2003) or not an essential part of seedbank formation (Honda 2008). 
12 
However, the relationship between seed dormancy and seed persistence in SSB has not 
yet been well examined with empirical studies. 
Plant species have developed various strategies to increase the possibility of seed 
survival under unfavorable environmental conditions and thus, influence seed persistence 
in soil. Certain types of seed dormancy may therefore be restrained to specific habitats or 
ecosystem types (Dalling et al. 2011). A species with PD seed may rely on both physical 
and chemical mechanisms to defend against threats to the seed. The contribution of each 
mechanism depends on the pressure of soil pathogen and duration of seed persistence 
(Dalling et al. 2011). PD may dominate in dry or well-drained habitats with relatively low 
pathogen pressure. In contrast, seeds of species with PY depend on their physical 
structure such as impermeable seed coats or pericarps to protect them from the attack of 
predators and pathogens (Baskin and Baskin 1998, Davis et al. 2008, Dalling et al. 2011). 
PY might be favored in warm and moist habitats of high pathogen pressure such as 
tropical forests. Species with transient SSBs depend more on chemical defense, while 
species with highly persistent SSB relatively more depend upon physical defense (Davis 
et al. 2008). Improved knowledge of mechanisms of seed dormancy related to seed 
persistence in soil will influence the strategies on management of weed SSBs in relation 
to the integrated weed management. 
 
1.3 RUDERAL SPECIES 
Grime (1974, 1977) proposed a conceptual model to describe the responses of the 
vascular plants to the stress and disturbance from different habitats. In his system, stress 
refers to all possible external limitations on rate of dry-matter production, whereas 
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disturbance refers to mechanisms that reduce plant biomass through partial or total 
destruction such as natural disaster events or tillage in arable land. Three extreme plant 
strategies including competition (C), stress (S), and ruderal (R), were posited to exist at 
the vertices of a triangle representing plant adaptive strategies to stress and disturbance in 
their habitats (Grime 1977, Booth et al. 2003). Combinations of low stress and low 
disturbance, high stress and low disturbance, and low stress and high disturbance are 
associated with the evolution of C strategy, S strategies, and R strategies respectively 
(Grime 1974, 1977). Most annual weed species follow an R strategy, which is analogous 
to r-selection (Grime 1977, Booth et al. 2003). 
Ruderal species colonize habitats that have been disturbed, such as road sides or 
waste ground. Some common features evolved for ruderals to adapt to persistent and 
severe disturbance include short life cycles (annual or short-lived perennial), rapid 
growth, and large investment to reproduction (seeds) (Grime 1974, 1977, Booth et al. 
2003). These features of ruderals make them pre-adapted to colonize highly disturbed but 
productive arable land as weeds of agriculture. The short life span and large number of 
seeds produced by ruderal species allow them to re-establish easily after disturbance. 
Moreover, the dormant seeds persistent in soil make the control of ruderal weed species 
more challenging. Understanding the mechanisms of seed persistence of ruderal weed 
species in soil, particularly the relationship between seed dormancy and seed persistence 
will be essential for development of effective integrated weed management strategies. 
 
1.4 OBJECTIVE OF THIS RESEARCH 
The objective of this research is to examine the relationship between seed 
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dormancy and persistence of ruderal weed species in the SSB by a long-term burial study. 
In this study, seeds of twelve ruderal species with various length of persistence in 
soil were used to determine the relationship between seed dormancy and persistence in 
soil: Abutilon theophrasti Medik. (velvetleaf), Alliaria petiolata (garlic mustard), Amata 
tuberculatus (common waterhemp), Ambrosia trifida L. (giant ragweed), Chenopodium 
album L.(common lambsquarters), Ipomoea hederacea (Ivyleaf morningglory), Kochia 
scoparia (L.) Schrad. (Kochia), Panicum miliaceae (wild proso millet), Polygonum 
pensylvanicum L. (Pennsylvania smartweed), Setaria faberi Herrm (giant foxtail), Setaria 
lutescens (L.) Beauv. (yellow foxtail), and Thlaspi arvense L. (field pennycress). The 
characteristics of these ruderal species were shown in Table 1.1. 
The remainder of the dissertation is composed of 3 chapters. In Chapter 2 I will 
discuss the relationship between the seed dormancy and persistence of ruderal weed 
species in the soil seedbank. Chapter 3 summarizes the findings of this research. In 
chapter 4, the potential future directions of research are suggested. 
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Table 1.1 Some characteristics of twelve ruderal species 
Species Life 
history 
Dormancy 
types a 
Seed production 
(Seed/plant) 
Half-life 
(year) 
Resource 
A. theophrasti Annual PY 7,800 8 (Schutte et al. 2010) 
A. petiolata Biannual PD 323-710 NA 
b
 (Rebek and O'Neil 2006, Sosnoskie 
and Cardina 2009) 
A. tuberculatus Annual PD ~250,000 2 (Sellers et al. 2003, Leon and Owen 
2006) 
A. trifida Annual PD 10,300 <1/2 (Schutte et al. 2010) 
C. album Annual PD 72,500 12 (Schutte et al. 2010) 
I. hederacea Annual        PY 5,800-6,000 <2 (Gomes et al. 1978, Crowley and 
Buchanan 1982, Holloway and Shaw 
1995, Schutte et al. 2010) 
K. scoparia Annual no 
dormancy 
2,000 -30,000 <1/2 (Everitt et al. 1983, Dyer et al. 1993, 
Thompson et al. 1994, Stallings et al. 
1995, Casey 2009) 
P. miliaceae Annual PD 146-213 NA (O'Tools 1983, Schutte et al. 2010) 
P. 
pensylvanicum 
Annual NA 19,500 4 (Davis et al. 2005a) 
S. faberi Annual PD 900 <1 (Baskin and Baskin 1998, Schutte et al. 
2010) 
S. lutescens Annual PD 6,500 5 (Dekker 2003, Davis et al. 2005a, 
Borza et al. 2007) 
T. arvense Annual NA 15,000 6 (Moser et al. 2009) 
a. Dormancy types: PD = physiological dormancy, PY = physics dormancy 
b. NA = Not available 
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CHAPTER 2: RELATIONSHIP BETWEEN SEED DORMANCY AND 
PERSISTENCE OF SEEDS OF RUDERAL WEED SPECIES IN THE SOIL 
SEEDBANK 
 
2.1 INTRODUCTION 
SSBs are vital sources of recruitment but also critical to the persistence of annual 
weed species. The term “soil seedbank” refers to a reservoir of viable seeds on the 
surface of soil or in soil (Harper 1977, Roberts 1981, Simpson et al. 1989, Baskin and 
Baskin 1998). As a buffer against environmental uncertainty that leads to population 
decline or local extinction, SSBs exert important effects on population and community 
dynamics of annual weed species (Crawley 1997b, Rees 1997, Chesson 2000), thus 
persistent SSBs are important sources of weed species infestation and persistence (Cavers 
and Benoit 1989, Cavers et al. 1992, Warr et al. 1993, Cousens and Mortimer 1995, 
Davis 2006). Most annual weed species, including many of the world’s most challenging 
weeds, have SSBs that allow them to maintain repeated infestation in arable lands (Holm 
et al. 1977, Booth et al. 2003). The reported weed seed densities in the arable soil range 
from a few hundred up to more than 150, 000 viable seeds m
-2 
(Forcella et al. 1992, 
Baskin and Baskin 2006). This large persistent SSB extends germination and emergence, 
and escapes from current weed control strategies, making weed management more 
challenging. Thus, reducing SSB persistence of weed species is an important goal of 
integrated weed management (Buhler 2002, Davis 2006). 
A quantitative knowledge of seed persistence in soil can aid integrated weed 
management, both through identification of potential threats (e.g. species with especially 
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long persistence, whose seed return should be prevented as a management priority) and 
by assessing the relative impact of tactics that reduce inputs to the seedbank versus those 
that reduce recruitment from the seedbank (Mohler 2001). Seed persistence, the 
capability for a seed to remain the state of viable and non-geminated in soil for a period 
of time via various mechanisms (Thompson 2000, Walck et al. 2005), is closely related to 
seed longevity – the duration of a seed remaining viable (Murdoch and Ellis 2000). It has 
been used by botanists as a standard for classification of soil seedbanks (Thompson and 
Grime 1979, Grime 1981, Villiers et al. 2002, Csontos and Tamas 2003, Walck et al. 
2005). For example, a functional seedbank classification system was established by 
separating SSBs into transient and persistent SSBs based on whether or not seeds remain 
viable in soil for more than one year (Thompson and Grime 1979, Grime 1981). In 
subsequent work, a five-year-threshold was applied to differentiate short-term versus 
long-term persistent soil seedbanks (Bakker et al. 1991, Thompson 1993, Bakker et al. 
1996, Thompson et al. 1997, Walck et al. 2005). One common feature of these 
classification studies was the qualitative designation of persistence, which is not 
particularly useful for guiding weed management practices. The term half-life, the period 
of time to take for 50% of the initial seeds losing viability, reflects the potential length of 
a seed population can remain viable in soil (Roberts and Dawkins 1967, Thompson and 
Grime 1979, Auld 1986, Lutman et al. 2002, Ullrich et al. 2011). Because of the potential 
for continuous variation in seed half-life, I believe it is more practical to use quantitative 
measures of the seed persistence of a species in soil seedbank. Therefore, I used the half-
life approach to quantify the seed persistence of annual species in soil in this study. 
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Quantifying persistence among species in a way that is consistent and predictable 
also involves consideration of main sources of variation and mechanisms affecting 
persistence. Seed persistence in SSBs varies among species (Buhler and Hartzler 2001); 
for example, some species such as Setaria faberi (giant foxtail) can only remain viable 
and non-germinate in soil less than one year (Davis et al. 2008), while seeds of Abutilon 
theophrasti (velvetleaf) can remain viable in soil as long as 39 years (Toole and Brown 
1946). Knowledge related to seed persistence such as seed longevity, seed responses to 
the environment, proportion of seeds germinated in each year, timing of seedling 
emergence, etc. would be helpful for modeling prediction and final decision of weed 
control strategies (Forcella et al. 1993, Buhler et al. 1997, Wagner and Mitschunas 2008). 
Mechanistic understanding of the SSB persistence of weed species will improve the 
efficacy of integrated weed management systems. 
Mechanisms that buffer weeds against uncertainty also help them escape 
management, but it is hard to identify which mechanisms are important. Successful 
establishment under unpredictable environmental conditions is critical for the persistence 
of plant species (Booth et al. 2003). For a given annual weed species, if the whole seed 
population germinates at the same time, that weed species would risk local extinction by 
a single disaster event, such as unfavorable weather conditions for either seed 
germination or seedling establishment, or destructive agricultural practices including 
tillage and weed control activities. Seed dormancy, the failure of an intact viable seed to 
complete germination under favorable conditions (Bewley 1997), is a ‘bet-hedging’ 
strategy used by annual weed species to maintain local populations under highly variable 
environments (Philippi 1993, Rees 1997, Booth et al. 2003, Fenner and Thompson 2005).  
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Weed seedling emergence fluctuates substantially across years and among species 
due to the dormancy level or release of dormancy (Forcella et al. 1992, Forcella et al. 
1997). Many factors may influence the level and release of seed dormancy in soil. 
Among these factors, thermal conditions and water availability are of high importance 
and have received the greatest attention (Benech-Arnold et al. 2000, Koornneef et al. 
2002, Allen et al. 2007). The environmental conditions prior to or right after seed 
dormancy release or the removal of constraints of germination are proposed to closely 
relate to seed dormancy. Most seeds of annual weeds are dispersed with primary 
dormancy, though the levels of dormancy vary among and within species. Formation of a 
dormant, persistent SSB may prevent seed germination under unfavorable conditions and 
wait for favorable conditions to germinate and successfully establish (Vleeshouwers et al. 
1995, Benech-Arnold et al. 2000, Booth et al. 2003, Finkelstein et al. 2008). However, 
delaying germination through SSBs maximizes the overall fitness of the weed species at a 
cost to annual fitness. Between- and within-year variations in dormancy under variable 
environmental conditions may therefore promote the coexistence of multiple species via a 
“storage effect” which fosters niche differentiation through temporal variation of 
probability of germination (i.e. species in the SSB respond differently to the varying 
environments) (Chesson 2000, Mathias and Chesson 2013). 
Although a relationship between seed dormancy and seed persistence in the SSB 
has been an underlying assumption of weed management in arable systems (hence the old 
farmers’ saying, ‘one year’s seeding, seven year’s weeding), the relationship between 
seed dormancy and seed persistence has not been adequately described from a 
quantitative standpoint. From the broader scientific literature on plant seedbank dynamics, 
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there is an existing strong claim that seed dormancy and seed persistence in soil are 
unrelated (Thompson et al. 2003). To support this argument, Thompson and his 
collaborators utilized a dataset derived from a very large, Europe-wide compendium of 
seed persistence data from many studies (Thompson et al. 1997, Thompson et al. 2003). 
Both seed dormancy and seed persistence were qualitatively determined in the dataset 
(Thompson et al. 1997). The dormancy of an individual species was characterized 
categorically, according to the various types of dormancy assigned in multiple studies, 
which did not imply any quantitative measurement of seed dormancy. Seed persistence 
was then described by a so called “longevity index” (Thompson et al. 1998). However, in 
the calculation of the longevity index, the persistence of all related species was only 
classified into transient (persistence less than one year) and persistent (persistence over 
one year). It did not differentiate the species forming short-term persistent and long-term 
persistent SSBs nor did it allow a quantitative comparison (Thompson et al. 1998). 
Because both the non-dormant seeds and long-term persistent SSB might be potentially 
categorized into either transient or persistent SSBs in different studies, the data collected 
from multiple studies easily run the risk of overestimating the persistence of non-dormant 
species and underestimating the persistence of species with different types of dormancy. 
Thompson et al. (2003) concluded that no relationship existed between seed dormancy 
and persistence in soil, based upon their analysis of a numerical seed persistence index 
derived from qualitative seedbank data. I do not believe that this approach adequately 
supported the authors’ strong claim about the lack of relationship between seed dormancy 
and persistence. Quantitative estimates of both seed dormancy and persistence would be 
needed to test the hypothesis more effectively. 
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In the present study, my objectives were to (1) quantify the relationship between 
seed dormancy and persistence in seedbanks of ruderal weed species, and (2) determine 
whether variation in dormancy is also related to seed persistence for this group of plants. 
Results from the first objective will indicate whether seed dormancy might be a useful 
predictor of seed persistence for ruderal weed species in soil. The second will clarify the 
degree to which extrinsic or intrinsic mechanisms involved in the release of seeds from 
dormancy affect seed persistence. 
I hypothesized that if seed dormancy and seed mortality operate independently, 
seed dormancy should constitute a “bet-hedging strategy” that increases seed persistence 
in soil, such that there should be a positive linear relationship between seed dormancy 
and seed persistence of ruderal weed species. In the SSB of any given ruderal weed 
species, the dynamics of the persistent seeds can be described by equation 1 (Cousens 
and Mortimer 1995): 
Nt = Nt-1 – g – d + b  (1) 
where Nt and Nt-1 are the number of viable seeds in the SSB at time points t and t-1, 
respectively; g, d, and b represent seedlings emerging from soil, seed death, and seed of 
the specific ruderal weed species added to the SSB between time t-1 and t, respectively. 
This expectation is based on the assumption that seed dormancy and mortality are 
independent. 
In equation 1, when Nt declines to as low as zero, the entire SSB of the given 
species depletes from the soil. It is not persistent any more. In my experimental system, 
no new seeds were added every year. Therefore, under the assumption that increased 
dormancy should not lead to increased seed death, if there is a high number of dormant 
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seed, I would expect few emerging seedlings between time t-1 and t for the given weed 
species. 
Predicting the relationship between variation in dormancy and seedbank 
persistence is less straightforward. I hypothesized that if variation in dormancy release 
across years is related primarily to extrinsic environmental conditions; there should be a 
positive relationship between dormancy variance and seedbank persistence of annual 
weed species. If dormancy release in a species is under extrinsic control, then ‘choosy’ 
species that accept only a narrow set of conditions for stimulation of germination should 
exhibit a wider variance of dormancy across years varying in environmental conditions. 
Species with less stringent criteria for dormancy release (which allow seeds to germinate 
across a wider range of conditions) should have a comparatively narrow set of dormancy 
levels over time, with lower variance in dormancy (Bewley 1997, Benech-Arnold et al. 
2000, Koornneef et al. 2002, Allen et al. 2007). If a more constant fraction of seeds is 
germinating over time, then I would expect the seeds of such a species to be depleted 
from the seedbank more quickly, with lower observed half-lives in the SSB, than those of 
a species that releases its seeds less readily from dormancy (based on the hypothesis of 
seed dormancy not related to seed death). 
 
2.2 MATERIALS AND METHODS 
Eleven annual weed species and one biennial invasive with a wide range of seed 
half-lives reported in the scientific literature (Lueschen et al. 1993, Burnside et al. 1996, 
Buhler and Hartzler 2001, Evans et al. 2012) were included in the seed burial study: 
Abutilon theophrasti Medik. (velvetleaf), Alliaria petiolata (garlic mustard), Amata 
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tuberculatus (common waterhemp), Ambrosia trifida L. (giant ragweed), Chenopodium 
album L. (common lambsquarters), Ipomoea hederacea (ivy leaf morningglory), Kochia 
scoparia (L.) Schrad. (Kochia), Panicum miliaceae (proso millet), Polygonum 
pensylvanicum L. (Pennsylvania smartweed), Setaria faberi Herrm (giant foxtail), Setaria 
lutescens (L.) Beauv. (yellow foxtail), and Thlaspi arvense L. (field pennycress). 
Seed collection. Seeds of all study species were collected from University of Illinois field 
plots (arable weeds) and adjoining wood lot (A. petiolata) during the 2007 growing 
season in Savoy, Illinois, USA (40.048000N, – 88.236489W). For each species, mature 
seeds were collected at the time of seed dehiscence by gently shaking the inflorescences 
of 50 mother plants from within contiguous patches no larger than 10 m in diameter into 
a large paper bag. Seeds were allowed to air dry in open paper bags for three weeks at 25 
˚C before storing in air tight plastic containers at 4 ˚C prior to use. 
Experimental design and seed burial. Seeds were buried in a single field plot at the same 
research farm from which they were collected. The soil at the study site was a Catlin silt 
loam (Oxyaquic Argiudoll) with 7% sand, 68% silt, 25% clay, pH 7.2, and 4.2% soil 
organic carbon. Experimental units were arranged within the 4 x 10 m seed burial site in 
a split-plot randomized complete block design (RCBD) with four replications of recovery 
year (main plot: 5 levels, 2008 through 2012) and species (split plot, consisting of the 12 
species mentioned above). 
Each replicate experimental unit contained twelve seed burial units, randomized 
by species. Seed burial units consisted of a 10 cm by 10 cm by 4 cm deep wire mesh tray 
with 0.5 mm openings. In each burial unit, to a depth of 3 cm, 100 seeds of a given 
species were mixed with field soil collected from underneath a long-term grass sward 
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with negligible seed population densities of the study species. Prior to burial, seed 
viability was tested via tetrazolium staining (Peters 2000). Seed burial units were placed 
in the field on 15 October, 2007. Each experimental unit was covered with a 35 cm x 45 
cm wire mesh rectangle with 1 cm openings to allow access to invertebrate seed predators, 
but to deter larger vertebrates from disturbing the burial units. The entire burial plot was 
surrounded with a 1 m high fence to exclude large vertebrates. 
During each growing season, seedlings emerging from mesh trays were counted 
and removed. Seeds were retrieved from mesh trays in October of the pre-assigned 
recovery year for that experimental unit. Intact seeds were recovered from soil through 
hand-elutriation, followed by a two-stage viability testing procedure. First the recovered 
seeds from each basket were placed on moist filter paper in petri dishes for 96 hr under 
12 hr dark/light cycles at 15 ˚C dark/25 ˚C light, to assay for readily germinable seeds 
(quiescent seeds). In all cases, seed germination was nil, indicating that recovered seeds 
were dormant. Following this, viability of the retrieved dormant seeds was determined 
through tetrazolium testing. 
Seedbank persistence. Based on an assumption that seed undergoes seed decay at a 
constant rate across years for a given weed species and follows a negative exponential 
curve (Roberts and Dawkins 1967, Thompson and Grime 1979, Grenz et al. 2005, Conn 
et al. 2006), half-lives of seeds of the twelve weed species in the SSB were calculated 
using nonlinear least-squares regression by relating the proportion of the initial seed pool 
to seed burial time for each of these species (Davis et al. 2008). A negative exponential 
function y = ae
-kt
, where a refers to the initial proportion of viable seed in seedbank and k 
is the constant representing the decay rate for the given species, was fit to the data in the 
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nlme package of R (version 2.13.1) (R Foundation for Statistical Computing 2010). Seed 
half-life (t0.5) in the SSB for each of these species was calculated as t0.5 = ln (0.5/a)/ (-k) 
(Davis et al. 2008). 
Environmental data. The microclimate at the depth of three centimeters was simulated 
using the Soil Temperature and Moisture Model (STM
2
) (Spokas et al. 2007, Schutte et 
al. 2008c) with weather data at South Farms obtained for the relevant period (2007 to 
2012) from NCDC (National Climate Data Center: http://www.ncdc.noaa.gov/cdo-web/) 
including latitude, longitude, elevation, daily precipitation, daily air minimum 
temperature, and daily maximum air temperature. The consequent simulated average 
daily soil temperature and soil matric potential (SMP) were used to calculate average soil 
temperature and SMP and variance of soil temperatures and SMP from October of 
previous year to March and from March to June over the burial course. 
Statistical analyses. The number of dead seeds (d) between year t and year t+1 was 
calculated by subtracting the number of seedlings (g) removed during the growing season 
and the number of viable seeds (Nt+1)  at year t+1 from the number of viable seeds (Nt) at 
year t determined by TZ test in October of each year (equation 2). The proportion of 
emerged seeds (g%) between year t and t+1 was calculated by dividing the number of 
seedlings (g) with the difference between viable seeds (Nt) in year t and dead seeds (d) 
between two years (equation 3). Then the proportion of dormant seeds (dorm%) at the 
beginning of year t was 1- the proportion of emerged seeds (g%) between year t and t+1 
(equation 4). The proportion of persistent seeds (pers%) in year t+1 was calculated by 
dividing the number of viable seeds (Nt+1) determined by TZ test in October of year t+1 
with the number of initial viable seeds (N0) (equation 5). 
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d = Nt – Nt+1 – g                                                                                  (2) 
g% = 
 
    
                                                                               (3) 
dorm% = 1 – g%                                                                              (4) 
pers % = 
    
  
                                                                           (5) 
The dynamics of seed persistence was fit to a negative exponential model with the 
self-starting nonlinear function SSasymp in the nlme package of R. The full nonlinear 
mixed effects model for seed persistence over time contained terms for fixed (recovery 
year, species) and random (replicate) effects. The linear regression analyses between seed 
dormancy and half-lives and between seed dormancy (asin(x ^ 0.5) transformed) and the 
environmental conditions were conducted in the package of stats in R. The assumptions 
(normality and homogenous variance) for the linear regression were checked prior to the 
regression analysis. The nonlinear least-square regression analysis between variance of 
dormancy and half-lives was done with a function SSasymp in the package of nlme in R. 
All analyses were performed in R v. 2.13.1 (R Foundation for Statistical Computing 
2010). 
 
2.3 RESULTS 
The dynamics of seed persistence of the twelve species were described well by 
the negative exponential function (Figure 1). Visual inspection of the fitted curves 
indicated low within-year variation in seed persistence over the burial course for species 
K. scoparia, P. pensylvanicum, S. lutescens, and T. arvense, low within-year variations of 
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seed persistence in first two years and high variations of seed persistence in last three 
years for species A. petiolata and P. miliaceae, and high within-year variations of seed 
persistence over the burial courses of other species. The slopes of the curves varied with 
highest steepness for species K. scoparia and A. petiolata and lowest steepness for the 
species A. theophrasti and C. album (Figure1). For all twelve ruderal weed species, seed 
persistence dramatically dropped during the 1st year of burial. Especially, there were no 
seed of K. scoparia and A. petiolata remained persistent after one year burial (Figure 1). 
The percent of seed persistence of S. lutescens and T. arvense dropped to about 0 at the 
end of 2nd year. There were about less than 10% of seeds of weed species A. trifida, P. 
miliaceae, P. pensylvanicum, and S. faberi remained as persistent seeds, while seed 
persistence of A. theophrasti, A. tuberculatus, C. album, and I. hederacea lasted longer 
than the other species (Figure 1). Therefore, the dynamics of seed persistence of ruderal 
weed species followed a negative exponential curve and within-year variations in seed 
persistence, steepness of slopes, and remaining proportions of persistent seed varied. 
The half-lives of the twelve weed species ranged from 0.25 to 2.22 years (Table 
1). Mixed model analysis indicated a significant main effect of species on half-life (F11, 
33 = 15.9, P < 0.0001). Among the twelve ruderal weed species, the half-lives of three 
species, A. theophrasti, C. album, and A. tuberculatus, were longer than 1.5 years. The 
half-lives of six species: I. hederacea, S. lutescens, P. miliaceae, S. faberi, A. trifida, and 
P. pensylvanicum were between 0.5 and 1.5 years. The half-lives of the remaining three 
species K. scoparia, A. petiolata, and T. arvense were shorter than 0.5 years. 
Regression analysis between the average dormancy over burial time course and 
half-lives of the 12 ruderal weed species indicated that there is a significant positive 
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relationship between seed dormancy and half-life (Figure 2A, slope = 0.05, p < 0.001, R
2 
= 0.92). There was also a significant negative nonlinear relationship between the variance 
of seed dormancy and half-life (the three parameters for nonlinear model a, b, and c were 
0.43, 2.14, and -5.21 respectively, with all p values less than 0.05) (Figure 2B). For the 
three least persistent species K. scoparia, A. petiolata, and T. arvense, their half-lives and 
average proportions of dormancy were similar, but their variance of dormancy over the 
burial courses were quite different (Figure 2A and 2B). The variance of dormancy of S. 
faberi is different from other species with intermediate persistence (Figure 2B). The 
above two regression analyses demonstrated that there is a strongly positive relationship 
between seed dormancy and persistence, but negative relationship between variance of 
seed dormancy and persistence of ruderal weed species in soil. 
Out of 96 regression analyses between seed dormancy and average soil 
temperature and soil matric potential (SMP) or between seed dormancy and the variance 
of soil temperature and SMP from October in previous year to March, and March to June, 
only one was significant (Appendix Table A1 and Table A2). This indicates no support 
for significant effects of environmental conditions on inter-annual variation in seed 
dormancy for these species. 
  
29 
 
Figure 2.1 The dynamics of seed persistence over burial course from October 2007 to 
October 2012 of the twelve ruderal weed species in Savoy, IL. Solid lines represent the 
predicted trends of the twelve species. The percentage of persistent seeds was calculated 
based on the original number of viable seeds at the beginning of the burial course 
(October 2007). Each panel represent dynamics of seed persistence for a specific species, 
where ABUTH = A. theophrasti, ALPET = A. petiolata, AMATA = A. tuberculatus, 
AMBTR = A. trifida, CHEAL = C. album, IPOHE = I. hederacea, KOCSC = K. scoparia, 
PANMI = P. miliaceae, POLPY = P. pensylvanicum, SETFA = S. faberi, SETLU = S. 
lutescens, and THLAR = T. arvense. 
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Table 2.1 Half-lives (mean of 12 ± se, n = 4) of twelve ruderal weed species. Following 
formula was used to calculate half-life: t0.5 = (ln ((50 - asym) / (c0 - asym))) / (- exp (lrc)). 
Asym, c0, and lrc are three parameters calculated from the nonlinear model (nlm) with the 
formula of y = asym + (c0 – asym) * exp (- exp (lrc) * t), where t is the time of burial, and 
y is the percentage of persistence calculated by dividing the sum of total number viable 
seeds according to TZ test and the number of germinated seeds in the growing seasons by 
the number of viable seeds of each burial unit at the beginning of the burial. 
 
Species Half-lives (Years) 
A. theophrasti 2.22 ± 0.25 
A. petiolata 0.27 ± 0.01 
A. tuberculatus 1.65 ± 0.13 
A. trifida 0.60 ± 0.17 
C. album 1.94 ± 0.43 
I. hederacea 0.82 ± 0.09 
K. scoparia 0.25 ± 0.00 
P. miliaceae 1.16 ± 0.22 
P. pensylvanicum 0.43 ± 0.02 
S. faberi 1.00 ± 0.23 
S.lutescens 0.50 ± 0.10 
T. arvense 0.36 ± 0.07 
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Figure 2.2 Seedbank persistence (half-life) in relation to seed dormancy (A) and variance 
in seed dormancy over the burial period (B). Half-lives were calculated for each 
individual species based on the percent of persistent seed in relation to the initial number 
of viable seeds at the beginning of the burial course (October, 2007). In plot A, the 
symbols are means of the percentage of dormant seeds over five years. Open cycles in 
each figure represent twelve species respectively, where 1 = A. theophrasti, 2 = A. 
petiolata, 3 = A. tuberculatus, 4 = A. trifida, 5 = C. album, 6 = I. hederacea, 7 = K. 
scoparia, 8 = P. miliaceae, 9 = P. pensylvanicum, 10 = S. faberi, 11 = S. lutescens, and 
12 = T. arvense. 
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2.4 DISCUSSION  
Strong positive correlation between seed dormancy and half-lives of twelve 
ruderal weed species suggests a positive relationship between seed dormancy and 
persistence of ruderal weed species in soil. This supports my original prediction 
regarding the relationship between seed dormancy and persistence of ruderal weed 
species in soil and thus provides evidence that seed dormancy provides a “bet-hedging” 
strategy that increases seed persistence of ruderal weed species in soil. This result does 
not support the claim of Thompson et al. (2003) that no relationship exists between seed 
dormancy and seed persistence in soil. The dynamics of seed persistence of all twelve 
weed species follow a negative exponential function (Roberts and Dawkins 1967, 
Thompson and Grime 1979, Grenz et al. 2005, Davis et al. 2008, Ullrich et al. 2011) and, 
thus provide a rationale for the calculation of half-lives. In contrast to the persistence 
index (Thompson et al. 1998, Thompson et al. 2003), half-lives reflect the quantitative 
dynamics of seed persistence of different species so that they can provide a better and 
useful understanding of the seed persistence in soil than the qualitative persistence index. 
In this research, I constrained my research targets in a specific group of plants – eleven 
ruderal annuals and one biennial invasive, rather than a large dataset from multiple 
studies. My experiment was also conducted under a smaller range of environmental 
conditions than that of Thompson et al. (2003). While the smaller group of species and 
narrower environmental range helped generate a dataset suitable for testing the 
relationship between seed dormancy and persistence, it also clearly limits my ability to 
extrapolate from this experiment to the broader set of seedbank forming plants across a 
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range of environments. Further empirical work is needed to quantitatively test this 
relationship for a wider range of species and environments. 
Dormancy release of the seeds of ruderal weed species was not dominated by 
extrinsic control. The negative relationship between variance of seed dormancy and half-
lives contrasted with my original prediction of a positive relationship between the 
variance of seed dormancy and persistence in soil of ruderal weed species. Meanwhile, 
no significant relationship between seed dormancy and environmental conditions were 
detected. Both of these results indicate that inter-annual variation in dormancy release of 
the seeds of ruderal weed species is not under strong extrinsic control. It appears instead 
that dormancy release of the seeds of ruderal weed species may be under some form of 
intrinsic control. A common garden approach, coupled with seeds collected from 
different genotypes of multiple species, may be used in future studies to determine the 
degree to which dormancy release of seeds of ruderal weed species is under intrinsic 
control. 
The significant species effects on half-lives and intrinsic control of dormancy 
release indicate that there is substantial diversity in seed dormancy. As in other areas of 
plant ecology, one of the driving questions of seedbank ecology is what maintains 
diversity of traits in SSB communities. Surviving under unfavorable conditions as 
dormant seeds in the soil is a potential strategy for annual species to increase their fitness 
(Crawley 1997a). High diversity of seed dormancy in soil may stimulate the coexistence 
of multiple weed species via the storage effect (Chesson and Warner 1981, Facelli et al. 
2005, Sears and Chesson 2007, Mathias and Chesson 2013). The high diversity of seed 
dormancy, both at the level of mean and variance, may be due to either direct natural 
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selection on this trait -- seed dormancy as a driver of change, or from natural selection on 
other plant traits related to seed dormancy -- seed dormancy as an evolutionary 
hitchhiker. As an example of the latter mechanism, population-level variation in seed 
dormancy in the genus Setaria appears to arise from seed position on the maternal plant 
(Dekker et al. 1996); therefore, morphological differences among plant species in their 
reproductive structures could potentially contribute to species-level differences in the 
variance of dormancy. Some other factors may favor maintenance of genetic diversity in 
weed community as well, such as field operations, sources allocation, and predation, safe 
sites in soil, seed polymorphisms, and dispersal away from parent plants with multiple 
external seed structural equipment to ensure different dispersal distances (Crawley 1997a, 
Booth et al. 2003). For example, plants of C. album may produce dimorphic, black and 
brown, seeds. The brown seeds are larger, non-dormant and germinate rapidly to a high 
proportion at a wider range of environmental conditions, while most of the black seeds 
are dormant (Yao et al. 2010). This highlights the need to study the strategies for weed 
species to maintain dormancy diversity for weed management. 
Even though seed persistence is an important characteristic of the SSB, it remains 
a challenge to determine the persistence of seeds in the soil seedbank. Long term burial 
studies are commonly used to determine seed longevity of different species in soil, but 
they are time consuming and expensive to maintain (Toole and Brown 1946, Roberts and 
Dawkins 1967, Lewis 1973, Lueschen and Andersen 1980, Zorner et al. 1984, Burnside 
et al. 1996, Telewski and Zeevaart 2002, Conn and Werdin-Pfisterer 2010). For example, 
the first famous seed burial study initiated by Dr. W. J. Beal in East Lansing, Michigan in 
1879 lasted more than 120 years (Darlington 1922, 1931, 1941, 1951, Darlington and 
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Steinbauer 1961, Kivilaan and Bandurski 1973, 1981, Telewski and Zeevaart 2002). 
Another famous seed burial study initiated by J. T. Duvel was discontinued after 39 years 
(Toole and Brown 1946). The data availability on seed persistence of reported weed 
species (8,000 species according to Holm et al. (1977) are limited due to the cost and 
time consuming nature of seed burial study. The positive relationship between seed 
dormancy and persistence that I found suggests that weed species with higher dormancy 
may be associated with longer persistence in the soil seedbank. Therefore, the positive 
linear relationship between seed dormancy and persistent may be useful for predicting 
seed persistence of ruderal weed species. The application of data on seed dormancy to 
predict seed persistence of weed species may contribute to speeding up the process of 
seed persistence assessment to facilitate weed seedbank management strategies. 
However, this conclusion on the relationship of seed dormancy and seedbank persistence 
is only based on a small set of data. More research on ruderal species from other habitats 
or species with different life histories is needed. 
One result of this study with great importance to weed management was not part 
of the original objectives. The half-lives of seeds in the SSB estimated from seed 
persistence data are considerably lower than those reported in other studies (Lueschen et 
al. 1993, Burnside et al. 1996). The shorter seed persistence of even the most persistent 
species implies that seedbank management may be a more realistic option for weed 
management than previously thought. For example, the half-life of C. album was found to 
be about 1.94 years in this study which is much shorter than that obtained from Burnside 
et al.’s study (Burnside et al. 1996, Davis et al. 2008). Another study reported that seeds 
of C. album were still available after burial of 39 years. The half-lives of seeds of A. 
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theophrasti is only one fourth, S. lutescens is only one ninth, and T. arvense one tenth of 
those obtained from other studies (8.3, 4.5, and 3.5 years respectively) (Lueschen et al. 
1993, Burnside et al. 1996, Davis et al. 2008). The half-life of S. faberi is slightly longer 
than that reported by Buhler and Hartzler (2001) and the half-life of K. scoparia in my 
study is similar to that from Burnside et al’s study (Burnside et al. 1996). Such results 
may provide an added incentive to farmers to manage weed seedbanks rather than be 
dismayed at the very long time frames previously thought to be necessary to deplete soil 
seedbanks. 
The difference in half-lives found among studies is probably due to different 
environmental conditions. In Burnside et al’s study, the seeds of different species were 
buried in plastic containers at a depth of 20 cm in soil in Western Nebraska (Burnside et 
al. 1996). The enclosed burial environment and deeper burial placement likely reduced 
losses of seeds to decay, germination and seed predation, compared to this study. Shallow 
burial of seed increases the opportunity of seed exposing to light, soil aeration, and more 
frequent temperature fluctuation and thus, stimulate seed depletion from SSB via 
germination. Seed losses resulting from germination (Baskin and Baskin 1998, Arrieta 
and Suarez 2004), predation (Lerner and Peinetti 1996, Hulme 1998, Harrison and 
Regnier 2003, Menalled et al. 2006, Davis et al. 2008, Davis and Raghu 2010, Dalling et 
al. 2011), pathogens (Crist and Friese 1993, Kremer 1993, Lonsdale 1993, Chee-Sanford 
2008, Wagner and Mitschunas 2008, Fuerst et al. 2011), and aging (Priestley 1986) are 
the major causes of seed persistence reduction in soil. Besides the features of seed per se, 
the maternal conditions (Schutte et al. 2008a), burial depth (Davis and Renner 2007), 
burial site environmental conditions (Schutte et al. 2008a), and the agricultural practices 
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(Cardina et al. 1991, Mulugeta and Stoltenberg 1997, Cardina et al. 2002, Gallandt et al. 
2004, Conn 2006, Gruber et al. 2010, Mirsky et al. 2010) may also influence persistence 
of seeds in the soil seedbank. 
The variation of seed persistence under different environmental conditions and 
management systems is an important consideration for producers wishing to reduce their 
reliance upon herbicides for weed management. For weed species with seeds that have 
low half-lives in the SSB, there is a high potential to deplete the SSB through 
manipulation of seed dormancy, while for long-persistent species, strategies involving 
approaches to prevent new input of seed into soil would be encouraged. For example, the 
“stale seedbed” would be a suitable approach to deplete SSB of these weed species 
(Liebman et al. 2001). The results presented here contribute to the scientific basis for 
SSB management as an important component of integrated weed management, pointing 
to the importance of flexible depletion strategies ranging from dormancy manipulation to 
weed seed rain prevention. Perhaps more importantly, these results indicate that weed 
seedbank depletion is feasible, due to lower seed half-lives than previously reported.  
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CHAPTER 3: SUMMARY AND CONCLUSIONS 
 
This study quantified the relationship between seed dormancy and persistence of 
ruderal species in SSB and determined whether variation in dormancy is also related to 
seed persistence for this group of plants. The findings of this study were summarized as 
following: 
Seed dormancy is positively related to seed half-life (t0.5). This result indicates a 
strong relationship between the dormancy and persistence of seeds of ruderal weed 
species in the soil seedbank. This means a seed population with lower seed dormancy 
would be associated with lower persistence and thus, there is a high possibility to deplete 
the SSB through manipulation of seed dormancy. Therefore, this implies that seed 
dormancy might be a useful predictor of seed persistence for ruderal weed species in soil. 
Seed half-lives of the twelve ruderal species in SSB ranged from 0.25 to 2.22 
years, considerably shorter than other reports of t0.5 for the same weed species. The 
shorter seed persistence of even the most persistent species implies that seedbank 
management may be a more realistic option for weed management than previously 
thought. Applying the prediction function of the positive relationship between seed 
dormancy and persistence and seedbank depletion approaches may help make 
management of weed SSBs more feasible. 
Considered together, the negative nonlinear relationship between variance of seed 
dormancy and t0.5 and lack of relationship between environmental conditions during the 
course of seed burial and seed dormancy across study years indicate that dormancy 
release for these species was at least partially controlled by intrinsic seed characteristics. 
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There was substantial species-level diversity in seed dormancy. High diversity of 
seed dormancy in SSBs may support the coexistence of multiple weed species through 
complementary bet-hedging strategies. Whereas some species with low seed dormancy 
may exploit suitable safe-sites for recruitment at shorter time scales, other species with 
greater seed dormancy may be holding a greater proportion of their buried seed in reserve 
for lower-frequency, higher quality recruitment opportunities, resulting in replenishment 
of the soil seedbank. 
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CHAPTER 4: FUTURE RESEARCH NEEDS 
 
Based on the results of my dissertation work, I believe that the following topics deserve 
further study in the future: 
First, this study demonstrates that seed dormancy is positively related to seed 
persistence of ruderal species in soil. This finding does not support Thompson et al.’s 
statement that seed dormancy and seed persistence are not related (Thompson 2000, 
Thompson et al. 2003). However, the scope of this study was limited, with a small group 
of ruderal species and narrow environmental range. To enhance our ability to extend the 
conclusion from this experiment to the broader set of seedbank forming plants across a 
range of environments, further empirical work is needed to quantitatively test this 
relationship for a wider range of species and environments. Meanwhile, the dormancy of 
seeds used in this study encompasses multiple dormancy types. Whether this relationship 
would be true within a unique type of seed dormancy is also of interest. 
Second, the positive relationship between seed dormancy and persistence of 
ruderal species also suggests the possibility to use the positive relationship between seed 
dormancy and persistence to predict the SSB persistence of specific weed species. More 
research should be done on the feasibility of using this relationship to predict seed 
persistence across species and guide weed management practice. 
Third, the results of this study suggest that dormancy release for these species was 
at least partially controlled by intrinsic seed characteristics. A well designed common 
garden approach with species of multiple genotypes in multiple locations is needed to test 
this hypothesis. 
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Finally, the shorter seed persistence of even the most persistent species found in 
this study implies that seedbank management may be a more realistic option for weed 
management. Future research efforts focusing on reduction of persistence of SSBs or 
depletion of SSBs would therefore have high relevance to improving ecological weed 
management options. 
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APPENDIX 
 
Table A1. Correlations between soil temperatures around the dormancy releasing 
period and the proportion of dormancy seeds (based on asin(x ^ 0.5) transformed 
dormancy data). 
 
 Mean of soil temperatures Variance of soil temperature 
 October to March March to June October to March March to June 
Slope P value Slope P value Slope P value Slope P value 
ABUTH  0.009 0.46 -0.005 0.70 -0.009 0.75  0.005 0.81 
ALPET  0.039 0.83  0.217 0.16 -0.110 0.77 -0.287 0.22 
AMATA  0.004 0.88 -0.002 0.94  0.025 0.66  0.011 0.78 
AMBTR  0.108 0.18  0.108 0.20 -0.110 0.58 -0.187 0.09. 
CHEAL  0.029 0.60  0.078 0.08. -0.147 0.13 -0.097 0.17 
IPOHE -0.034 0.65  0.035 0.64 -0.097 0.53  0.028 0.80 
KOCSC  0.200 0.36  0.007 0.98 -0.078  0.88 -0.176 0.62 
PANMI  0.104 0.22  0.062 0.53 -0.035  0.87 -0.130 0.34 
POLPY  0.119 0.31  0.154 0.17 -0.392 0.04* -0.188 0.28 
SETFA  0.167 0.16  0.092 0.52 -0.086 0.78 -0.187 0.35 
SETGL  0.105  0.32  0.027 0.82 -0.041 0.87 -0.116 0.49 
THLAR -0.058 0.53  0.064 0.50 -0.052 0.80 -0.042  0.77 
Note: “*” significant at 0.05; “.” significant at 0.10. ABUTH = A. theophrasti, ALPET = A. petiolata, 
AMATA = A. tuberculatus, AMBTR = A. trifida, CHEAL = C. album, IPOHE = I. hederacea, KOCSC = 
K. scoparia, PANMI = P. miliaceae, POLPY = P. pensylvanicum, SETFA = S. faberi, SETLU = S. 
lutescens, and THLAR = T. arvense. 
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Table A2. Correlations between soil matric potential (SMP) around the 
dormancy releasing periods and the proportion of dormancy seeds (based on 
asin(x ^ 0.5) transformed dormancy data). 
 
 Mean of soil matric potential Variance of soil matric potential 
 October to March March to June October to March March to June 
Slope P value Slope P value Slope P value Slope P value 
ABUTH  0.000 0.91 -0.000 0.69  0.000 0.65  0.000 0.59 
ALPET -0.005 0.60  0.003 0.45  0.001 0.53  0.002 0.59 
AMATA -0.002 0.17  0.000 0.89  0.000 0.15 -0.000 0.56 
AMBTR -0.006 0.20 -0.003 0.13  0.000 0.34  0.001 0.33 
CHEAL  0.002 0.41 -0.001 0.54  0.000 0.40  0.001 0.39 
IPOHE  0.003 0.40  0.001 0.69  0.000 0.27 -0.000 0.88 
KOCSC -0.012 0.30 -0.002 0.85  0.001 0.44 -0.000 0.93 
PANMI -0.007 0.08. -0.003 0.17  0.001 0.21  0.001 0.40 
POLPY  0.007 0.31 -0.003 0.28 -0.001 0.18  0.003 0.09. 
SETFA -0.010 0.13 -0.005 0.12 0.001  0.32 0.002 0.30 
SETGL -0.007 0.21 -0.001 0.66 0.000 0.33 0.000 0.95 
THLAR  0.004 0.40  0.000 0.86 -0.000 0.60 -0.000 0.99 
Note: “.” significant at 0.10. ABUTH = A. theophrasti, ALPET = A. petiolata, AMATA = A. tuberculatus, 
AMBTR = A. trifida, CHEAL = C. album, IPOHE = I. hederacea, KOCSC = K. scoparia, PANMI = P. 
miliaceae, POLPY = P. pensylvanicum, SETFA = S. faberi, SETLU = S. lutescens, and THLAR = T. 
arvense. 
 
